Trends and seasonality analysis since 1980 and longitudinal distribution from headwaters to 10 estuary of chlorophyll a, nitrate and phosphate were investigated in the eutrophic Loire River. 11
Introduction 1
For several decades, eutrophication has become a major issue affecting most surface waters 2 (Smith et al., 1999; Hilton et al., 2006; Smith and Schindler, 2009; Grizzetti et al., 2012; 3 Romero et al., 2012) . The regulation of nutrient inputs in waters by the elimination of N and P 4 during waste-water treatment, better agricultural practices and restriction of the use of 5 phosphorus products (EEC 1991a and b) led to a decrease in phosphate and/or nitrate content 6 which is recorded in several European rivers presenting temperate and continental regimes 7 since the mid-1990s, including the Elbe (Lehmann and Rode, 2001) , the Seine (Billen et al., 8 2007) , the Thames (Howden et al., 2010) , the Danube (Istvánovics and Honti, 2012), the 9
Rhine (Hartmann et al., 2007) as well as some Mediterranean rivers (Ludwig et al., 2009 ) and 10 Scandinavian rivers (Grimvall et al., 2014) . 11
Surface water quality is also affected by variations in hydro-climatic conditions (Durance and 12
Ormerod, 2010) and nutrients availability is not the only limiting factor of phytoplanktonic 13 growth in rivers: successful phytoplankton species in rivers are selected on their ability to 14 survive high frequency irradiance fluctuations and the important determinants are turbidity (or 15 its impact upon underwater light) and the water residence time (Istvánovics and Honti, 2012; 16 Krogstad and Lovstad, 1989; Reynolds and Descy, 1996; Reynolds et al., 1994) . In Europe, (Istvánovics et al., 22 2014 ). Besides, phytoplanktonic biomass remains at a high level in many water bodies, 23 evidencing that leaching of long last stored nutrient in soils is still significant: if nutrient 24 mobility should increase with global warming because of the acceleration of organic matter 25 mineralization and of higher soil leaching (Bouraoui et al., 2002; Arheimer et al., 2005) , the 26 river system response time to a nitrogen input reduction is limited by the time required for 27 nitrate to be released from soil to receiving waters (Jackson et al., 2008 ; Bouraoui and 28 Grizzetti, 2011) . Therefore we should expect that changes in current agricultural practices 29 may improve water quality only after several decades (Behrendt et al., 2002; Howden et al., 30 2010 ). 31
The first regulatory studies of the largest French river eutrophication, i.e. the Loire River, 1 were made in the 1980s in the Middle and Lower segments (Crouzet, 1983; Meybeck et al., 2 1988 ; Lair and Reyes-Marchant, 1997; Etcheber et al., 2007) . The Middle reaches ( Fig. 1)  3 were recognized as being the most eutrophic sector (Lair and Reyes-Marchant, 1997) 4 resulting from high P levels (Floury et al., 2012) , low river velocity and shallow waters, its 5 multiple channels morphology with numerous vegetated islands slowing down flow velocity 6 (Latapie et al., 2014) . In recent years, Loire eutrophication indicators and their trends 7 
Geographical and physical characteristics 28
The Loire River basin (110,000 km 2 ) covers 20% of the French territory. Its hydrological 29 regime is pluvial with some snow-melt influences because of high headwater elevation (6% of 30 the basin area is over 800 m above sea level). The main stem can be divided into three parts 31 ( Fig.1 , Table 1 ): (i) the Upper Loire (18% of basin area; stations 1 to 9) extending from the 1 headwaters to the confluence with the River Allier; (ii) the Middle Loire (24%; stations 10 to 2 18) from the Loire-Allier confluence to the Loire-Cher confluence which receives only minor 3 inputs from small tributaries; (iii) the Lower Loire (65%; stations 19 to 21) which receives 4 major tributaries (Cher, Indre, Vienne and Maine Rivers) doubling the river basin area and the 5 average river water discharge. 6
As summer low flows can reach critically low levels in the Middle reaches where four nuclear 7 power plants are located ( Fig. 1) , two dams were constructed on the Allier and Upper Loire 8 (Naussac 1981 and Villerest, 1984) to maintain low flows over a minimum of 60 m 3 s -1 . 9
Grangent dam was constructed in 1957 for electricity production purposes. The median 10 annual discharge over the last 30 years is 850 m 3 s -1 at the basin outlet (station 21) and the 11 median in the driest period from July to September is only 250 m 3 s -1 , corresponding to only 2 12 L s -1 km -2 . The driest years were 1990, 1991, 2003 and 2011 with a daily discharge average at 13 station 21 reaching sometimes 100 m 3 s -1 . 14 The headwater catchment is a mountainous area and the Loire itself runs through narrow 15 gorges and valleys (Latapie, 2011 Land use distribution in the major tributaries differs widely (Table 2) : the Allier (catchment at 14 station A) is mostly composed of pasture (47%), API = 87%; the Cher at station B has similar 15 amounts of pasture and arable land (respectively 39% and 36%), most of the rest being 16 forested (23%); half of the Indre basin at station C is arable land, but this tributary drains only 17 3% of the total basin; the Vienne and the Maine contribute very significantly to the total area 18 of arable land in the Loire basin (arable land accounts for 25% of the Vienne catchment, API 19 = 74% and 49% of the Maine catchment, API = 50%). Urban pressure is also significant in the 20
Maine catchment (82 inhab. km -2 ) due to the cities of Le Mans and Angers ( Fig.1 ) and total phosphorus (Ptot)) are available online 26 (http://osur.eau-loire-bretagne.fr/exportosur/Accueil). Sixty-nine monitoring stations were set 27 up along an 895 km stretch. Stations sampled at least monthly between 1980 and 2012 (bi-28 monthly or weekly for some variables) were selected for analysis in this paper (17 stations, 29 Fig. 1 ). To take into account the influence of major tributaries, five sampling sites at each of 30 the major tributary outlets were also included (stations A to E). 31
The water quality of the Loire River has also been assessed during several other surveys, 1 generally with high sampling frequency, but these data have seldom been used and/or 2 compared in previous studies. They included: 3time series included periods reaching the limit of quantification. When evidenced, such 1 data were not taken into account to avoid mis-interpretation of such constant values. The 2 datasets also included periods with missing values. In all cases, no infilling were realized. 3
Sampling frequencies were most of the time monthly (only 10% of datasets were sampled on 4 average every two weeks or more often), but in order to homogenize the time series, the rest 5 of the analysis was conducted on monthly medians. 6
To assess longitudinal distribution of nutrients and phytoplanktonic biomass, each year was 7 divided into two seasons: "summer", here considered as the phytoplankton growth period 8 from April to October, when more than 90% of the phytoplankton bloom is observed (Leitão 9 and Lepretre, 1998) and "winter" In order to assess potential changes in the nitrogen to phosphorus molar ratio (N:P further in 23 the text) and make the link with possible nutrient limitation of phytoplankton, this ratio was 24 calculated using Ntot (sum of NO 3 -, NO 2 and NKj) and Ptot. 25
Building up spatio-temporal diagrams 26
Time series were represented with a 2D spatial x-axis and seasonal y-axis. This allowed the 27 observation of both longitudinal and seasonal distribution during a certain period, between the 28 river headwaters to the estuary and from January to December. When needed and possible, 29 missing data were interpolated both spatially and temporally to represent a smoother diagram. 30
Three periods were defined and separated the last three decades in three sub-periods on the 1 basis of Chl. a concentrations: 1980-1989, 1990-2001 and 2002-2012. 2 
Time series decomposition 3
Long-term trends and seasonal variations analysis were carried out using Dynamic Harmonic 4 Regression (DHR) technique, extensively described in Taylor into its component parts: 7
where f is the observed time series, T is the identified trend, S the seasonal component, C the 9 sustained cyclical component (e.g. diurnal cycle caused by biological activity) and Irr the 10 "irregular" component defined as white noise, representing the residuals. Because this method 11 was used on monthly medians, the variable C was not assessed here. 12
The trend was defined using an Integrated Random Walk model. It is a special case of the 13 Generalized Random Walk model (GRW) and has been shown to be useful for extracting 14 smoothed trends . This provided the identified trend and the slope of the 15 trend. 16
The seasonal components were defined as follow: 17
where i  are the fundamental and harmonic frequencies associated with the periodicity in the 19 observed time series chosen by reference to the spectral properties. For instance, the period 12 20 was corresponding to a monthly sampling in an annual cycle. 21
The phase and amplitude parameters were modeled as GRW processes and estimated Upper Loire (station 9), Chl. a was higher but showed a descending trend for the whole 14 period. In the Middle segments, Chl. a levels increased between 1981 and 1990 by a factor of 15 two ( Table 3) The winter nitrate longitudinal profile showed a regular increase from 1 mg N L -1 in the 5 headwaters to 3.5 mg N L -1 at the river mouth ( Fig. 2c ). This longitudinal rise could be 6
observed throughout the period of study. The upstream reservoirs did not seem to impact the 7 nitrogen concentration as nitrate represented most of the total nitrogen and the 8 phytoplanktonic uptake within these reservoirs is not questioned here: Fig 
Seasonal shifts across the longitudinal distribution of Chl. a and nutrients 20
Throughout the period of study, Chl. a concentrations reached their maximum in July or 21
August for the whole Loire River. During the 1980s and 90s, phytoplankton production 22 usually started in early April, reached a peak in early May with a second peak in late August 23 Chl. a seasonal amplitude at station 18 increased during the 1980s (Fig. 4a ) from 150 to 240 26 µg L -1 (1990) and then presented a spectacular decline in two steps: first, it went down to 150 27 µg L -1 in 1992 and remained at the same level the next 8 years; then, it kept on decreasing 28 since 2000 to finally reach levels of amplitude around 50 µg L -1 . Phosphate seasonal 29 amplitude decreased continuously from 150 µg P L -1 in 1980 to 30 µg L -1 in 2012 (Fig. 4b) , at 30 the rate of -6 µg P L -1 year -1 in the 1980s, -4 µg P L -1 year -1 in the 1990s and finally reached a 31 stable variation since 2008 ( Table 4 ). The seasonal amplitude of NO 3 presented another 1 pattern through the last 30 years ( Fig. 4c ): it increased from 2.2 mg N L -1 in 1980 to 2.8 mg N 2 L -1 in 1991, then remained stable around 2.9 mg N L -1 the next 7 years to finally decrease 3 slightly down to 2 mg N L -1 . 4
Interannual dissolved oxygen concentration and pH at station 19 did not present any 5 significant trend ( Fig. 4d and 4e At the daily scale, the variations of O 2 were synchronous with water temperature: the typical 7 O 2 daily cycle corresponded to a minimum at sunrise, followed by a rapid increase and a 8 maximum observed two hours after solar mid-day; the amplitude could reach 10 mg L -1 , with 9 oxygen saturation ranging from 60% to 200%. These daily variations greatly challenge the 10 validity of O 2 measurements as a water quality indicator within the regulatory monthly survey 11 of such eutrophic river. Alongside daily oxygen cycles, significant daily pH cycles were 12 observed (see also Moatar et al., 2001) . Dissolved CO 2 and/or bicarbonate uptake by primary 13 producers during the solar day led to increasing pH. By contrast, night-time respiration was 14 reducing pH. In the Loire, daily pH cycles were pronounced with the same phase as the O 2 15 cycle. The common daily pH amplitude in summer was 0.8 unit and could reach 1 pH unit. 16
Because these variations are linked to the in-stream biological activities, daily O 2 and daily 17 pH amplitudes presented a well-defined seasonality, with maximum reached in summer. 18
Summer q90% temperature and summer q10% discharge anti-covariated ( Fig. 4f 
Role of agricultural and urban pressures on the Loire long-term variations 29
The population density profile (Fig. 2) illustrates well the fact that phosphate concentrations 30 are linked with urban P-inputs. Thus, most changes in phosphate levels are connected to more 31 efficient sewage treatment plants (de-phosphatation steps were set up) and the use of 1 phosphate-free detergents. De-phosphatation technologies were not implemented at the same 2 time across the basin, explaining different trends for different catchments. These observations 3 support previous studies highlighting the need for phosphorus control (Gosse et al., 1990; 4 Oudin, 1990 ). This control has considerably reduced phosphate concentration in the surface 5 waters of the Loire basin (Bouraoui and Grizzetti, 2011) The relationship between the winter nitrate levels and the percentage of the catchment under 12 arable land is strong (Fig. 2) , illustrating the fact that nitrate levels originate mainly from 13 diffuse agricultural sources. The slightly increasing trend in nitrate could partly be explained the Loire Basin. 9
Nutrient limitation variation since 1980 10
The N:P molar ratio allows to determine whether the system studied is potentially under 11 growth period. These results indicate that P-limitation of phytoplankton growth has become a 31 significant factor. When the river hydrology remains stable in the summer, phytoplankton is 32 potentially under P-limititation. This is suggesting an explanation for the apparent shift in 1 seasonal phases of Chl. a concentrations (late summer blooms no longer occur, described in 2 section 3.2): in those cases, the P-limitation is reached before any other limitation. 3
Daily O 2 and pH amplitudes as indicators of eutrophication mitigation 4
The delta O 2 and delta pH seasonal amplitudes decreased greatly since 1990: around 7 mg L -1 5 in 1990-95, delta O 2 amplitude declined down to 2.5 mg L -1 . Similarly, from a seasonal 6 amplitude at 0.5 pH unit, delta pH seasonal amplitude was maximum in 1998 (0.7) and went 7 down to 0.3 since 2007. These descending trends are linked to the apparent decrease of 8 phytoplanktonic biomass: the seasonal amplitude of Chl. a concentrations explained 80% of 9 the seasonal variations of delta O 2 and only 59% for delta pH amplitudes. Continuous records 10 of O 2 and pH take into account the whole in-stream primary activity, that is to say not only 11 the phytoplankton respiration but also macrophytes and periphyton activities. While Chl. a 12 concentrations kept on declining since 1991, delta O 2 and delta pH stopped decreasing 13
suggesting that a non-phytoplanktonic activity was rising. Besides, one would expect that 14 since phytoplankton biomass declined, water column irradiance increased and macrophyte 15 abundance would have risen. We unfortunately lack data about macrophyte and periphyton 16 developments in the Loire River, but the biological reserve Saint-Mesmin located near 17
Orléans City (station 15) studied the development of macrophytes species since 1998 on 24 18 river sections (60 m long by 5m width) and showed the increasing abundance and biodiversity 19 of such aquatic plants since 2002. Two species were dominant, Myriophyllum spicatum and 20
Ranunculus fluitans. The role played by fixed aquatic vegetation on the river biogeochemistry 21 is probably very significant as macrophytes are known to get nutrients contained in the water 22 compartment as well as in the sediments (Carignan and Kalff, 1980; Hood, 2012) . Hence, 23 during low PO 4 3concentration in summer, macrophyte growth is not limited by the in-stream 24 nutrient limitation. When unusual late floods occurred, higher flow velocity, increased turbidity and reduced 1 water column irradiance probably disrupted the well-established dominance of 2 production/respiration cycles. Therefore both dissolved oxygen and pH levels dropped for a 3 few days. Such episodes happened in 1992 (event described in Moatar et al., 2001 Moatar et al., ), 1998 Moatar et al., and 4 2008 . In those cases, phytoplankton growth is under hydrologic limitation. 5
Conclusions 6
The Loire River is a relevant case of a river recovering from severe eutrophication by 7 controlling phosphorus direct inputs. 8
This study highlighted how contrasted can be the different long term trajectories of Chl. a and 9 nutrient concentrations in the different reaches of a eutrophic river and contributed to better 
